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W. M. WALsH, JR., J. P. REMEIKA, AND L. W. RUPP, JR.
Bel/ Telephone Laboratories, Murray Hill, %em Jersey

(Received 6 July 1966}

Spin resonance due to degenerate conduction electrons has been observed in In203 crystals grown from
Bux. The isotropic resonance is characterized by a large, negative g shift (Bg —0.12) which is markedly
strain-sensitive. As a result the CESR line is inhomogeneously broadened, making any interpretation of the
line shape quite ambiguous. The spin-lattice relaxation time T& appears to be in the range 10 -10 ' sec
despite the transport scattering time 7~10 '4 sec and the 6 jo g shift. It is suggested that such behavior
may be characteristic of single-valley band edges.

I. INTRODUCTION

A SPIN resonance characteristic of degenerate con-
duction electrons has been observed in e-type

crystals of indium oxide, In203, in the temperature
range between ambient and 1.4'K. The parameters of
the resonance spectrum (g value, relaxation time, and
line shape) prove to be of physical interest when com-
pared with those of other semiconductors and metals in
which conduction-electron spin resonance (CESR) has
been detected. . In particular we find the spin relaxation
time to be remarkably longer than the carrier transport
scattering time when the large observed g shift (6%) is
taken into account. Following a description of the
known properties of the conduction band of indium
sesquioxide, the experimental techniques and results are
presented (Sec. II). In the next section the rather
variable line shapes and widths are discussed, the spin-
lattice relaxation time is inferred and the high degree
of decoupling between spin and transport scattering is
emphasized. A possible causal relation with the single-
valley nature of the conduction-band edge is suggested.

Indium oxide is a large-band-gap semiconductor
which crystallizes in a complex, body-centered-cubic
structure containing sixteen formula units per unit cell.
A refined x-ray analysis of the structure has recently
been performed by Marezio. Nominally stoichiometric,
undoped crystals grown by vapor-phase oxidation of
indium metal' or by a Aux-melt technique' are moder-
ately transparent throughout the visible, thin sections
having a yellow-green color in transmission. Such
crystals prove to be quite highly conducting, however,
with o. values in the range of 10 to 100 (D cm) '.
Thermal activation' as well as cursory optical absorp-
tion experiments4 suggest a band gap of 3.1 eV.
Recently Weiher and Ley' have examined the optical
properties in detail and deduce the existence of a direct
energy gap of 3.75 eV and an indirect (phonon-assisted)

' M. Marezio, Acta Cryst. 20, 723 (1966).' R. L. Weiher, J. Appl. Phys. 33, 2834 (1962).
~ J. P. Remeika and K. G. Spencer, J. Appl. Phys. 35, 2803

(1964). The rapid conductivity variation at low temperatures
reported in this article is not observed in the purer crystals cur-
rently being prepared by the Aux technique.

4 R. E. Dietz (private communication).' R, L. Weiher and R. P. Ley, J. Appl. Phys. 37, 299 (1966).
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gap of 2.62 eV. It is, therefore, clear that the mobile
electrons result from a high density of donor impurities
or electron-rich deviations from stoichiometry. Crystals
prepared in this laboratory by the Aux-melt technique
using highly purified chemicals have electron concen-
trations on the order of 10" cm '. Spectrographic
analysis reveals net impurity contents much too low to
account for such a large carrier concentration. An

oxygen deficiency (or indium excess) donor mechanism
thus appears to be the dominant one in our crystals.
Weiher reached the same conclusion concerning his
vapor-grown samples which had lower electron concen-
trations (m 3 && 10"—3)&10"cm' at room temperature). '

Present knowledge of the band structure of indium
oxide is imprecise because of low carrier mobility which,
presumably, results from the high density of "donor"
lattice defects in as-grown crystals. ' Weiher and his
collaborators via a series of transport' and optical'
studies have, however, established the following picture
of the conduction-band edge: It consists of a single,
nearly isotropic valley having an effective mass m*
~0.55m, . At the high donor-defect concentrations
found in our Qux-grown samples the donor states have
merged with the conduction band. ' This leads to near
temperature independence of both carrier concentration
and mobility. For n 10"cm—', the degeneracy temper-
ature is 360'K (Es 31 meV); therefore, we expect a
Fermi distribution of conduction electrons in the tem-
perature range of our experiments (1.4—295'K). The
Hall mobility is found to be p, 70 cms/V sec which

implies a transport scattering time r 2/10 ' sec, a
time comparable to that observed in metals at room
temperature. Since conduction-electron spin resonance
is observable at room temperature in only the lightest
metals (Li, Be, Na, K) where spin-orbit coupling is
weakest we might naively expect the spin-lattice re-

Prolonged annealing in an oxygen atmosphere at 1200'C fails
to reduce the carrier concentration or appreciably improve the
mobility of the flux-grown crystals. It is possible to compensate
the material by acceptor doping (Mg) in the melt but the mobility
decreases with the carrier concentration Q 1 cm'/V sec for I 10'4
cmd). Weiher's vapor-grown crystals do, however, exhibit in-
creasing mobility as n decreases due to decreased donor-defect
density.

7 R. L. Weiher and B. G. Dick, Jr., J. Appl. Phys. 35, 3511
(1964).
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7 of In203 to be much too short to yield alaxation time & o n2
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Initially w'e were disturbed by a few samples which

exhibited asymmetry ratios less than the static-spin
value (1.4 being the smallest observed value). These
samples were particularly thin (0.05 to 0.1 mm thick)
and were, in fact, essentially "transparent" since the
microwave sian depth 8 at frequency v is

3= (t,./2s. ) (o v) '~s 0.04 mm

Flo. 3. Experimental traces of the differentiated cavity loss
versus applied magnetic 6eld H at various temperatures. The
signal at the right is the conduction-electron spin resonance of a
thin platelet of e-type In203. That at the left is due to a para-
magnetic free radical marker (oa-diphenyl-p-picryl hydrazyl
g=2.0036), The indium sesquioxide signal intensity is approxi-
mately temperature-independent whereas the free radical signal
intensity increases as the temperature decreases. The latter
variation should go as T ' down to ~20'K but deviates from the
simple Curie law in the liquid-helium range due to incipient spin
old erlllg.

in our material. The excitation on both faces of the
sample mentioned above enhances this transparency
which would lead to A/8=1 in the limit of a very thin

specimen. The use of thicker samples (0.3—1 mm)
invariably resulted in asymmetry ratios ~3 at room
temperature.

The resonance parameters other than intensity of the
sample exhibiting the narrowest line (see Fig. 4) be-
haved as follows as the temperature was varied from
295 to 1.4'K (similar effects may be seen in Fig. 3):

1. The magnitude of the g shift, Sg—=g
—2.0023, de-

creased by 5% (Fig. 5).
2. The linewidth hH decreased slightly, achieved a

minimum at 77'K, then broadened by a factor of 3
(Fig. 5).

3. The asymmetry ratio A/8 increased from 3.7 to
7.5. The g shift and linewidth variations are quali-
tatively similar when displayed on suitable scales (Fig.
5). This suggests that the two effects are closely related,
l.c. that the g shlf t ls stI'Mn scnsltlvc and that thc
linewidth results from a distribution of g values due to
inhornogeneous, "frozen-in" strains. The latter idea was
tested by examining a sample at 35 Gc/sec as well as
12 Gc/sec. Because of decreased spectrometer sensi-

tivity at the higher frequency, the CESR was barely

observed in the platelets. The line shape also proves
rather variable but generally dR/dH has an asymmetry
(ratio of maximum positive to maximum negative slope
values, A/8 in Fig. 2) of 3 at room temperature, in-
creasing somewhat at lower temperatures. Since the
asymmetry ratio is often near the value 2.7 charac-
teristic of static spins in a conducting medium thick
compared to the microwave skin depth, '0" one could
suspect the signal to arise from static paramagnetic
impurities or defects. As shown in Fig. 3, however, the
line intensity (crudely (2+8)DH] proves to be roughly
independent of temperature. Such behavior is charac-
teristic of the temperature-independent Pauli para-
magnetism of a degenerate conduction-electron gas and
constitutes the principal basis for concluding that the
resonance is indeed due to coedlctioe electrons. As will
become clear, the line shape is aGected by inhomogene-
ous crystal strain and does not, in general, provide an
easily interpreted test of the mobile nature of the
observed spins.

"N. Bloembergen, J. Appl. Phys. 23, 1383 (1952)."F.J. Dyson, Phys. Rev. 98, 349 (3.955).

Fzo. 4. The nar-
rowest CESR spec-
trum thus far ob-
served in In203. The
platelet sample was
prepared by Qux-
growth at 1475'K.
The spectrum was
taken at 77'K.
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detectable. An increase in linewidth was visible (perhaps
a factor of 2) but detailed studies of linewidth and line
shape were not feasible. Further evidence of strain
broadening is provided by our observation of irre-
versible increases in linewidth after temperature cycling
or repeated remounting of a sample. Several specimens
shattered in the course of such treatment, despite very
gentle handling. Such fragility precluded any attempts
to measure bg versus applied stress directly. Gross
electrical conductivity variations of 10%%u& or more were
detected with a pair of mobile probes. It is, therefore,
reasonable to conclude that these high concentration
crystals contain defect-density fIuctuations sufFiciently
large to produce appreciable strain gradients to which
the g value is sensitive. Attempts to anneal the crystals
at elevated temperatures produced little or no line
narrowing though crystal growth at the highest possible
temperature was beneficial, as noted earlier.

III. DISCUSSION

A. Line Shape and Width

The principal basis for attributing the observed
resonance to conduction-electron spins is the essentially
temperature-independent intensity. It is tempting to
also invoke the fairly large asymmetry ratios found in
sufFiciently thick, cooled samples as further evidence of
spin mobility, but this proves to be a more complicated
matter. In the Dyson theory of CESR" the basic
criterion for observation of asymmetry ratios greater
than 2.7 is that the spin-lattice relaxation time Tj be
appreciably longer than the time T~ required for a spin
to diffuse across the microwave skin depth 5. In our
In203 samples we expect

Tn —38'/2ss''r~6 X10 ' sec (1)

—-0.1 24

0 I I I I IIIII I I I I I IIII I I I I I III -Q126
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FIG. 5. Temperature-dependent linewidth and g shift of the
specimen of Fig. 4. The similarity of the two variations is empha-
sized by suitable choice of scales and by replotting the linewidth
variation (solid curve) as the dashed curve on the It'g points.

Z(H —11,)= D(H Ho)G(Ho—Ho)dHo (3)

The Dysonian line shape D may crudely be thought of
as a sum of two terms, one symmetric about H p and the

G (Hp-Hp)

"D(H —Hp)

~ ~$H
= H

Ho

DAS

Hp R(H-Hp)

= H

(y =gP/iI 18.7 Mc/G), whereas the measured linewidth
DII is roughly three orders of magnitude larger. Since
we have good reason to believe the line to be inhomo-
geneously broadened by crystal strains acting on the g
value, this discrepancy is surprising only in its magni-
tude. However, it is far from clear what line shape we
should expect under these circumstances (T~)Tn,
DH&)bH).

Assuming that the observed absorption line is a
superposition of homogeneous (lifetime-broadened) res-
onances of differing g values, let G(Ho —Hp) represent
the distribution of line-center positions, H p Isv/gP——, rela-
tive to some mean value IIp. The shape of the individual
component lines is, in general, a complicated function of
several parameters, as calculated by Dyson, "which we
represent by the function D(H Hp) of —width oH. We
also assume that the homogeneous linewidth 5II,
presumed to arise from a true spin-lattice relaxation
process, is much narrower than the width hap of the
line-center distribution function G (see Fig. 6). The
resultant resonance takes the form

since os 1.4X10' cm/sec for n 10"cm ' and m*/m,
0.55 and ~2&10 " sec. If the linewidth were

entirely determined by T& IO ' sec, it would be

Hp

8H—1.5/AT& SX10 ' G,

FIG. 6. Schematic representation of the absorption line shape
expected for a distribution of component resonances whose shape

(2) may be described as a sum of symmetric and antisymmetric parts.
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other antisymmetric:

D=aDs+ bDJ,s, (4)

db (H Hp) —db (H Hp)—
D~s=—

dHp
(Sb)

The observed line E. is now expressible as a weighted,
sum of the line-center function and its first derivative:

dG(H —Hp)
A (H Hp) = aG—(H Hp) b— —

The steps of this approximate "folding" are illustrated.
in Fig. 6.

In practice we know neither the function G nor, u
priori, the weighting coefficients a and b. It is, however,
instructive to take D to be completely antisymmetric
(a=0, Tn/T, «1) as a limiting case. Since the spread of
g shifts is modest compared to the mean in our experi-
ments (AHp&Hp), it is reasonable to assume G to be
symmetric about IIp. The complete antisymmetry of D
is, of course, immediately reflected in R= dG/dH. —
However, the line shape is the derivative of the distribu-
tion function and need not have any Dysonian char-
acter in detail. If, for example, we assume G to be
a Gaussian distribution, the asynunetry parameter A/B
= (dR/dH) +/(dR/dH) „=2.24, which is less than
the ratio expected for static but homogeneously
broadened spins (a Lorenztian distribution is physically
implausible and yields an even lower value, A/B= 2). A
"tent-roof" distribution with relatively little curvature
save at the peak appears to be required to yield A/B
values much greater than 2. If the condition that G be
symmetric about H p is relaxed, arbitrary values of A/B
may result. Finally, the precise degree of asymmetry of
the component line shape D will also affect A/B by
mixing dG/dH with d'G/dHP in dR/dH.

Returning to the specific case of In203, it is now clear
that little can be concluded, from the shape of the
inhomogeneously broadened. resonance without prior
knowledge of the line-center distribution function. The
increased linewidth at low temperature reQects the
increased range of the internal crystal strains. If the
shape of the distribution has not been altered, one could
conclude that the increased asynunetry results from an
increase of b relative to a in Eq. (6).This would, in turn,
be attributed to an increase in T~ relative to T~ and,

where the ratio of the coeKcients u and b depends pri-
marily on the ratio T&/T, if the sample is electrically
"thick."Roughly speaking, these coeKcients correspond,
to the mixing of individual spin-resonance absorption
and dispersion due to the varying microwave phase
experienced by the diffusing spins. Since we assumed
88((AHp the two components of D may be approxi-
mated using the Dirac 8 function for simplicity:

Ds=&(H —Hp),

since neither quantity is expected to be very tempera-
ture sensitive, would imply Tn/T~ 0.4, which is the
value yielding greatest sensitivity of A/B on Tn/T~. P

All of this is speculation, however, due to our ignorance
of G'and its derivatives and their temperature depend-
ence. Our most pessimistic estimate of Tj must be
distinctly longer than T&~1.5/&AH 3)&10-' sec since
the line is inhomogeneously broadened. The most
optimistic value is somewhat longer than T~. Thus we
expect an unstrained sample would reveal 10—' sec( T&

&10 'sec.

3. g Shift and Spin-Lattice Relaxation

Despite the intricacies of the preceding discussion one
remarkable fact emerges: The spin-lattice relaxation
time T~ in In203 is between seven and nine orders of
magnitude longer than the transport scattering time r, ,

yet the fractional g shift g
—

gp/gp amounts to 6%. Such
a large ratio of T,/r is surprising to an experimentalist
familiar with CESR in metals since comparable degrees
of decoupling between T& and v are observed only in the
lightest metals Li and. Be, where the g shifts are ex-
tremely small (bg/g«10 —' for Li,' 5)&10—' for Be).'"
In general as g shifts in metals increase, bg/g) 10 ', one
must carefully purify and refrigerate the samples, thus
attaining v 10 ' sec and T~ 10 —10 ' sec, i.e., a
decoupling of only two to three powers of ten.

The situation in In203 is probably not at all unique,
however. Muller and Schneid, er" have interpreted mag-
netic resonances which they and, others have observed in
several heavily d.oped, or strongly illuminated, e-type
semiconductors as due to CESR of electrons in the
conduction bands or in shallow donor bands. Their
criteria, negative g shifts and absence of donor hyperhne
interactions, are different from our own since the
samples were apparently not d.egenerate. Their con-
clusions nevertheless seem reasonable and the results are
similar to ours: CESR lines roughly 10 G in width are
found with fractional g shifts of 2 to 10% at doping
levels such that transport scattering times would be in
the range 10 "—10 ' sec. The significant observation to
be made is that in every case where the nature of the
conduction-band edge is known it is a single valley, as is
believed to be true of indium sesquioxide.

For a nondegenerate band edge interacting with a p-
like state, the calculations of Roth, Lax, and. Zwerdling'4
predict the magnitude of the g shift:

$g~— —1

where X is a spin-orbit coupling energy and hE is an
energy-band. splitting. Lacking any band-structure in-
formation on such an unlikely material as In203, .it is

~ J. E. Cousins and R. Dupree (unpublished).
~3 K. A. Muller and J. Schneider, Phys. Letters 4, 288 (1963)."L. Roth, B.Lax, and S. Zwerdling, Phys. Rev. 114, 90 (1959).
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only possible to say that the observed kg=0. 12 is not
unreasonable since X 0.4 eV is appropriate to indium

SP states" and AE 4 eV is the magnitude of the direct
gap found in optical studies. '

The spin-lattice relaxation time due to ionized,
substitutional impurity scattering at a single-valley
band edge has also been discussed by Klliott'4 and
Yafet."The relation between T& and 7. is expected to
take the form

7 ~ r/8gscsls

where c is the fractional concentration of scattering
centers. Taking c 10 ' for InsOs we obtain T~/r 10 4,

which is at least three orders of magnitude smaller than
is found experimentally. Yafet" has pointed out that for
a single-valley extremum at a point of high symmetry in

"R. Braunstein and E.O. Kane, J.Phys. Chem. Solids 23, 1423
(1962).

"Y.Yafet, in Solid State Physics, edited by F. Seitz and D.
Turnbull (Academic Press Inc., New York, 1963), Vol. 14, p. 1~

momentum space and for impurity sites having in-

version symmetry Eq. (8) should be multiplied by an
additional factor of c '/'. While the symmetry require-

ments are not fulfilled in In~03 or the other II—VI
compounds" such a factor would significantly reduce the
discrepancy between theory and experiment. In view of
the generality of the very large observed 7&/r ratios the
problem of ionized impurity scattering for single-valley

band edges deserves more careful theoretical exami-

nation.
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Na" Quadrupole Interaction in Ferroelectric Rochelle Salt*
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The erst-order electric quadrupole splitting of the Na" nuclear magnetic resonance has been studied in

single crystals of undeuterated Rochelle salt. At 30'C, in the upper paraelectric phase, the quadrupole

coupling constants and asymmetry parameters for all four Na" sites were found to be the same: e'Qq/h

=1.313 Mc/sec and g=0.809. At O'C in the ferroelectric phase, two coupling constants were measured,

corresponding to the lower crystal symmetry. The values are e'Qq/&=1. 285 Mc/sec with v =0.872, and

e'Qq/k=1. 407 Mc/sec with g=0.675. These results were analyzed according to the model of Blinc, Pet-
kovsek, and Zupancic in which the changes are due to displacements of one hydroxyl ion and one water
molecule. The data 6t the model well and lend support to their view of the structural changes that take
place when Rochelle salt becomes ferroelectric.

I. INTRODUCTION

'HE macroscopic properties of Rochelle salt have
been well known for a long time. ' Rochelle salt

(NaK tartrate tetrahydrate) has the unusual property
that it is ferroelectric only between —18'C and +24'C.
The structure is orthorhombic, with symmetry E2&2&2

*This research has been sponsored by the U. S. Atomic Energy
Commission. It is based on a dissertation submitted by ¹ C.
Miller in partial fulfillment of the requirements for the degree of
Doctor of Philosophy at Rensselaer Polytechnic Institute.

t Present address: Research Center, Sprague Electric Company,
North Adams, Massachusetts.

f. Present address: Department of Physics, Rensselaer Poly-
technic Institute, Troy, New York.' J. Hablutzel, Helv. Phys. Acta 12, 489 (1939).

2 H. Mueller, Phys. Rev. 47, 175 (1935).
W. Kanzig, in Solid State Physics, edited by F. Seitz and D.

Turnbull (Academic Press Inc. , New York, 1957), Vol. 4.
4 F. Jona and G. Shirane, Ferroelectric Crystals (The Macmillan

Company, New York, 1962), Chap. VII.

in both paraelectric phases. ' The lattice undergoes a
shear of 1'48" in the bc plane, ' becoming monoclinic in

the ferroelectric phase with symmetry E2& along u, the
ferroelectric axis. ' There are 4 molecules in the unit
cell.

However, the structural problem has not been com-

pleted. The x-ray diffraction experiment of Beevers and

Hughes was the erst attempt to determine the structure

' C. A. Ileevers and W. Hughes, Proc. Roy. Soc. (London) A177,,

251 (1941).' A. R. Ubbelohde and I.Woodward, Proc. Roy. Soc. (London)
179, 399 (1942).' B.C. Frazer, M. McKeown, and R. Pepinsky, Phys. Rev. 94,
1435 (1954).

8R. V. G. Sundra Rao, B. C. Frazer, and R. Pepinsky, in
Program and Abstract of the 11th Annual Conference on X-ray
and Electron Diffraction, Pittsburgh, 1953 (unpublished).

1' F. Mazzi, F. Jona, and R. Pepinsky, Bull. Am. Phys. Soc. 1,
131 (1956).


